Diatom floras were examined in a high-altitude geothermal field, 4200 -4500 m (29˚19'S 68˚W'), located in the Central Andean dry Puna ecoregion or southern Altiplano. These locations include hostile environments subjecting living organisms to extreme conditions. The aim of the present study was to investigate the spatial patterns and describe the response of diatom assemblages to differences in physical and chemical variables. Different shallow (<10 cm) aquatic systems with variable chemical and physical conditions (fumaroles, freshwater-saline rivers and swamps) were studied seasonally during 2011-2012. The conductivity exhibited high variability (360 to 18340 µS cm −1 ) among the systems studied, temperature was lower in rivers and swamps (6.8˚C -10˚C) and high in fumaroles stations (30˚C -37.5˚C), and pH was lower in fumaroles than freshwater systems (3.25 to 8.97). Statistical analyses suggest that the diatoms cluster into three major groups. The most common taxa include: Achnanthidium exiguum (Grunow) Czarnecki, Cocconeis placentula var. lineata (Ehrenberg) Van Heurck, Eolimna minima (Grunow) Lange-Bertalot, Staurosirella pinnata (Ehrenberg) Williams and Round, Navicula gregaria Donkin, Nitzschia inconspicua Grunow, Nitzschia palea (Kützing) Smith, Nitzschia perminuta (Grunow) Peragallo, and Planothidium lanceolatum (Brébisson ex Kützing) Lange-Bertalot. As expected, the 20 to 200 μm-size fraction contained the highest numbers of diatom taxa (53 species), although an unexpectedly high number (47 species) were also found in the smaller 5 to 20 μm-size fraction, more associated to fumaroles and saline systems. The 180 to 2000 μm size fraction contained only two species, including rosette-forming diatom Ulnaria ulna (Nitzsch) Compère, and the unicellular species Surirella chilensis Janisch, both species exclusively reported in freshwater systems. Canonical correspondence analysis (CCA) Other factors include substrate type, presence of macrophytes, current velocity and other local environmental conditions. The results presented here enhance our understanding of diatom richness/composition in hostile environments from a high-altitude arid and semi-arid geothermal region.
Introduction
El Tatio geothermal field, one of the least known major geothermal systems in the southern hemisphere, comprise an area that contains a high heterogeneity of aquatic micro-habitats with unique physiographic conditions, high altitude 4200 -4600 m, low latitude 22'8˚S, high surface solar radiation (280 W/m 2 ), lower water boiling point (86˚C), and the influence of high contents of potentially toxic elements in the water [1] . These features make these systems particularly interesting in order to interpret the factors that could influence the diatom richness/composition, and the origin of diagenetic evolution of hot-spring silica deposits [2] . El Tatio is the largest known geyser field in the southern hemisphere, and the third larger field in the world after Yellowstone, USA, and Dolina Geizerov, Russia. The geothermal systems are concentrated in three main zones encompassing an area of ~10 km 2 . Other thermal manifestations, such as small hot springs, fumaroles, and steaming soils, extend over an area of some 30 km 2 at elevations from 4200 to 4600 meters [2] .
The surface water discharges at a maximum temperature of 86˚C, which is the boiling point for an altitude of 4200 m [3] . Deep dilution of a predominant, primary high chloride (5500 mg/l) supply water derived from precipitation some 15 km east of El Tatio and local groundwater produces a secondary chloride water type (4750 mg/l), feeding springs over a limited area [4] . Absorption of this separated steam and carbon dioxide into local ground water and mixing with chloride waters at shallow levels produce a series of intermediate temperature (40˚C -70˚C), low chloride, and high bicarbonate waters [2] . These conditions in chemistry water types from different geothermal microhabitats represent an interest model to be evaluated in relation to diatom richness/composition, dispersal limitation and metapopulation theories.
Several investigations of diatom floras have been carried out at individual hot springs type, or for multiple springs within a single geological setting [5] [6] .
Studies of warm-spring diatoms have also been published for New Zealand [7] A. Angel [10] . Other diatom floras were described in hot-spring systems of Iceland, New Zealand, and Kenya [6] . Some of the common taxa described in these systems were Achnanthidium exiguum var. heterovalvum (Krasske) Czarnecki, Anomoeoneis sphaerophora Pfitzer, Brachysira brebissonii f. thermalis (Grunow) R. Ross, Diadesmis confervacea Kützing, Epithemia argus (Ehrenberg) Kützing, Nitzschia amphibia Grunow, Nitzschia inconspicua, Staurosira construens var. venter (Ehrenberg) P. B. Hamilton and Staurosirella pinnata. The historical diatom register from the Yellowstone National Park, described an extensive diatom beds of recent origin covering many square miles in the vicinity of the geyser and hot spring basins [5] . However, to compare and estimate distribution patterns, there are few available studies of diatom floras from geothermal systems in South America [11] [12] , and there is no information of diatom richness/composition from the El Tatio geothermal field, considering that contain a high heterogeneity of microhabitat with unique environmental conditions.
Affinities of some freshwater diatoms with certain ions can be found in widely known richness composition [13] . For instance, a number of taxa have been characterized as preferring calcium rich or calcium poor waters [14] . It is difficult, however, to compile this information for water quality monitoring purposes in the Altiplano because the local floras studies have been scattered. It is highly probable that optima and tolerance values estimated for conductivity and major ions for common taxa among Europe, Africa and the Dry Puna ecoregion (Altiplano) would be very different, especially for aspects such as salinity, geothermal activity and mineral water dissolution.
In this study the main objectives were to: 1) describe the diatom assemblages associated with each system and to examine their spatial variability; 2) examine the degree of floral similarity/dissimilarity and size classes distribution among the systems studied; 3) use the resulting data to relate species to environmental variables; and 4) use the models to characterize the optima and tolerance values for the most common diatom taxa. Given that environmental heterogeneity can demonstrate varying and significant impacts on diatom floras, this research project emphasizes to study not only species richness/composition, but how local communities vary across seasonal changes, including chemical and physical conditions.
Materials and Methods

Study Area
El Tatio is a geothermal field located in northern Chile (29˚19'S 68˚W', 4200 -4500 m) at the Central Andean dry Puna ecoregion (Figure 1 ), a montane grassland with three main types of thermal springs [1] : springs discharging high chloride waters (8000 mg/l) located along a SW-NE trending line in the northern part of the main thermal area, more dilute, intermediate chloride pools (5000 mg/l) in the south-western part, and low chloride, high sulfate pools along the [3] . Only flora and fauna highly adapted to the extreme daily temperature variability and high-altitude live in this ecoregion.
The negative water balance is characterized by low precipitation (100 mm/year), very seasonal rainfall between December to March and an eight month-long dry season [3] . In this context, a variety of five aquatic systems associated to the hot springs, saline fumaroles, freshwater fumaroles, saline rivers, freshwater rivers and swamps, were sampled within two sub-basin areas ( Table   1 ). The study sites included the Loa River basin (north area) and Salado River sub-basin (south area). The stations studied are located in two areas approximately 30 kilometers apart and were selected based on proximity and important environmental dissimilarities ( Figure 2 ).
Water Chemistry and Environmental Variables
Water temperature, pH, and conductivity were measured with portable instruments, calibrated in the field. For our study we collected 40 samples during four seasons from April, 2011 to January, 2012. The samples were collected at 10 
Collection of Algal Communities
Statistical Analyses
Multivariate techniques were used to examine the environmental factors associated with diatom and their distributions. Detrended correspondence analysis (DCA) suggested that a unimodal model was suitable and the data were then explored using Canonical correspondence analysis (CCA) using CANOCO 4.5 [20] . All diatoms were included in these analyses. A subset of 39 species (conditional to 0.01% to 0.33% of the total variance) was selected to simplify diagrams.
Inference models were developed for pH, Dissolved oxygen, temperature, and major ions, using the data analysis program (C2, version 1.4) and techniques according to [6] . Floral communities and sampling sites were distinguished based on percentage diatom data (forming 5% of the flora in at least one sample), using Agglomerative Hierarchical Cluster Analyses (AHC) and Heat Maps (removing all species with interquartile range lower than 0.25) carried out with XLSTAT Version 2016 (Addinsoft).
Results
Environmental Characteristics
The soil structure in fumaroles stations was irregular and variable with different mineral formations (Figure 2 
Diatom Community Composition
A total of 102 species and 41 genera were identified (Table 3) , diatom preservation was generally good or excellent with little corrosion and minimal fragmentation, however, teratological forms were common in fumaroles stations. The Shannon-Wiener diversity index for the diatom communities ranged from 1.02 to 2.9 with the lowest diversity at proximal hot spring locations. The most common species, forming 5% of the flora in at least one sample, for all sites were described in Figure 6 . Cluster analyses using the whole dataset produced similar species patterns. The samples dendrogram produces five clusters, meanwhile, species dendrogram produces three clusters. Placing a cutoff at this point tends Figure 6 ). This also has the advantage of distinguishing clusters and their associations, which is similar in CCA plot discussed below, and the floras of which have contrasting ecological requirements. Some of the most common species photographs are described in Figure 7 and Figure 8 . Using the latter approach, three groups are recognized.
Group I was only formed by three species that included: Achnanthidium exiguum (Figure 7(a) ), Nitzschia perminuta (Figure 8(s) ), and Staurosirella leptostauron (Ehrenberg) Williams and Round. These species were most common in slightly alkaline (pH 7.5 -8) low-conductivity fumaroles, freshwater rivers and margins of warm (30˚C -35˚C) springs.
Group II was more varied and included: Halamphora acutiuscula (Kützing) Levkov, Pseudostaurosira brevistriata (Grunow) Williams and Round, Nitzschia valdecostata Lange-Bertalot and Simonsen, Navicula gregaria (Figure 7 . Heat map of diatom taxa forming 5% of the flora in at least one sample. The colors key is shown to the right (red color represent low association, green color represent high association and black color represent intermediate association), histograms are shown upper and to the left. All associations were determined by saline and freshwater conditions for both species and samples respectively (sample codes and species acronyms are described in Table 1 and Table 3 ). Achnanthidium minutissimum (Kützing) Czarnecki, Staurosira subsalina (Hustedt) Lange-Bertalot, Staurosira brevistriata (Grunow) Grunow, Gomphonema pseudoaugur Lange-Bertalot, Navicula salinicola Hustedt, Navicula cincta (Ehrenberg) Ralfs, Navicula tripunctata (Müller) Bory, Nitzschia amphibia ( Figure  8 (n)), Caloneis bacillum (Grunow) Cleve, and Mayamaea atomus (Kützing) Lange-Bertalot. These taxa were mostly observed in water flow across the north discharge area (e.g. fumaroles and saline systems), and through stream channels until it arrives at the Salado River.
Group III included: Nitzschia fonticola (Grunow) Grunow, Nitzschia palea, Cocconeis placentula var. lineata (Ehrenberg) Van Heurck (Figure 7(c) ), Eolimna minima (Figure 7 (Figure 8(u) ) and Ulnaria ulna (Figure 8(x) ). These diatoms were not exclusive at south area, however a high number of taxa were clearly associated to freshwater systems, rivers and the margins of swamp stations. They were dominant in the sparse flora that occurs on both discharge areas (north and south), and formed part of the common flora in freshwater systems at El Tatio geothermal field. 
Statistical Model
Monte Carlo test (999 permutations, p < 0.05) showed that physical and chemical variables were important diatom predictor ( Figure 9 ). The best species response to significant environmental variables were observed in 39 taxa including all the samples in the CCA analysis. Permutation under the reduced model indicated conductivity, dissolved oxygen and composition of major ions (TP, HCO 3 , TKN and Mg) as the most important variables with relation to diatom species assemblages (p < 0.05, 999 permutations). Some taxa were associated to saline systems, the most common were: Fragilaria fasciculata (C.Agardh) Lange-Bertalot, Surirella chilensis, Navicula salinicola, Navicula pseudogracilis Hustedt, Navicula microdigitoradiata Lange-Bertalot, Nitzschia liebetruthii Rabenhorst, Navicymbula pusilla (Grunow) Krammer, Pseudostaurosira brevistriata. These species were correlated with high conductivity and temperature, and concentration of nitrogen and phosphorous. The second group was associated to swamp stations separated from the other freshwater systems. This group included: Navicula cincta, Planothidium frecuentissimum, Mayamaea atomus, Fragilaria capucina var. vaucheriae, Planothidium delicatulum, Lemnicola hungarica (Grunow) Round and Basson, and Halamphora veneta (Kützing) Levkov. Other species associated to this group was Nitzschia perminuta, and reported the highest statistical weight, this species was only observed in swamps and was highly correlated with 2 4 SO − and 3 CaCO − water types. The third assemblage was associated Figure 9 . CCA ordination plot of diatom assemblages (using only species that explain 0.1 to 0.33 of the total variance) against selected environmental variables, including weighted average for each species plot (showing in blue bold the species that represent the higher values, species acronyms are described in Table 3 ). (Figure 7(e) ), Gomphonema angustum C.Agardh (Figure 7(g) ), Caloneis bacillum, and Gomphonema pseudoaugur. Other two species were also associated to these systems, Achnanthidium exiguum and Nitzschia palea (Figure 9) , and reported the highest statistical weight highly correlated with nitrogen contained in organic substances plus the nitrogen in inorganic ammonia and ammonium (NH 3 / 4 NH + ).
Species Indicator Values
Multiple sensitive species for significant variables (p < 0.05) were determined using Generalized Additive Model (GAM) and Poisson distribution.
Using maximum values and stepwise selection with Akaike Index Criterion (AIC), only 30 species pass the restrictions (the rest of the species were no candidate for additive model because had AIC values lower than null model) and where used to species curve fitted ( Table 4 ). The optima and tolerance was estimate using restrictions (species with statistical weight among 0.01 and 0.33 of the total variance); they were explained by significant variables (p < 0.05). Conductivity optima for those diatoms ranged from 960 to 15,310 µS cm −1 . Mostly, diatoms that exhibited the highest affinity to Ca(HCO 3 ) 2 rich waters had high to moderate conductivity optima. In this aspect, the most common taxa were Halamphora acutiuscula, Halamphora atacamae Hustedt, Diadesmis confervacea, Fragilaria fasciculata, Nitzschia lateens Hustedt, Nitzschia palea, Staurosira brevistriata, and Cocconeis placentula var. lineata. Other species indicator values for the most significant variables were described in Table 4 .
Discussion
High seasonal variation both in thermal and chemical properties have been described, and those variables tend to alter diatom assemblages, alternately favoring one species than another. Seasonal rains keep the diatom assemblages in an early successional state, composed of fluctuating 'opportunistic' species (e.g. rare or occasional, Table 3 ). Initial colonization usually produces a variety of species, none in great abundance but in high diversity [5] - [21] . Gradually, with longer exposure to the strongest dryness a few species are capable of rapid growth, gaining dominance and stability. For example, A. exiguum and S. pinnata were the most abundant species found in fumaroles and saline rivers, with maximal abundance reported during the dry season. In contrast, N. palea had maximal abundance at summer during the seasonal rains. The maximal values for the dominant species in swamps, C. placentula var. euglypta, N. gregaria, N. inconspicua, N. perminuta, and P. lanceolatum, were after seasonal rains. ), and diatom stratigraphy works by [22] and [23] . It now occurs in a large range of salinity, in large permanent freshwater water bodies colonized by macrophytes (essentially Isoetes) and also reported in the glacial valley of Hichu Kkota in a shallow salt lake (e.g. 15 g l −1 salinity), and in the Lake Poopó (40 g l −1 salinity). In Chile, this species have been described in a large range of salinity, from sediments and littoral habitat of the Chungará Lake [24] , to variable saline systems in the Salar de Atacama [25] . C. placentula var. euglypta (Figure 7 ) than freshwater systems studied. Some studies have focused on assessing the impact of environmental and spatial drivers in explaining the differences in diatom species richness and composition patterns. However, these aspects in microbial communities are poorly know especially in extreme environments. In New Zealand, according to [7] 144 taxa in thermal and mixed thermal/non-thermal waters were dominated by the genera Nitzschia (24) , Pinnularia (16) , Navicula (10) , and Surirella (7) . In this work, we reported 102 taxa in thermal and mixed thermal/non-thermal waters dominated by the genera Nitzschia (16) , Navicula (13) , Gomphonema (7) , Planothidium (6) , and Denticula (5) . In Iceland 178 taxa were identified in hot springs, where Diploneis elliptica (Kützing) Cleve, N. amphibia, Pinnularia borealis Ehrenberg, and E. adnata occurred in 50% of the samples [27] . However, other authors suggested that nine species were found only in hot springs in Iceland [28] . In contrast, other report [29] argued that exclusive geothermal diatoms do not exist and pointed out that other studies [27] [30] had detected these taxa in other habitats as well. In this context, we found only 18 taxa exclusive of warm-fumarole springs.
Many of the taxa reported in the El Tatio geothermal field were described by many authors in a wide range of thermal/non-thermal environments. For example, A. exiguum has a worldwide distribution in hot springs [31] . S. pinnata predominated in shallow arctic lakes and is more competitive in lakes with long periods of ice cover [32] [33] . P. lanceolatum is common and widespread in the hot springs of New Zealand and can be found in a variety of water chemistries [6] . It typically prefers oxygen-rich waters of neutral to slightly alkaline pH [13] . This condition was similar to this report, especially in freshwater systems. In this case it was very restrictive to pore-water electrolytes. N. palea is common in many environments worldwide and described as a sensitive taxon in New Zealand [6] and variable environments in Alaska [34] . We reported the maximal Advances in Microbiology post-auxospore cells. Similarly, when mean size cell decreases in diatom because of the reduction of the frustule size over succeeding generations, growth rates decrease [38] . These aspects can influence the diatom size-fraction in hostile environments. As expected, the 20 to 200 μm-size fraction in El Tatio contained the highest numbers of diatom taxa (53 species) although an unexpectedly high number (47 species) were also found in the smaller size fraction, belonging to smaller species (e.g., Achnanthidium, Eolimna, and Planothidium). The 5 to 20 μm-size fraction was an important component more associated to brackish (except for stations E1-E3 during winter season) and saline systems (Figure 10) .
Apparently, the aquatic systems in El tatio geothermal field are highly restrictive for larger size-fraction 180 -2000 μm, only two species, including rosette-forming diatom U. ulna and the unicellular species S. chilensis, were found exclusively in freshwater systems.
As indicated by various studies, some habitats are highly stressful and so few Figure 10 . Seasonal change of the most representative genera (>1% total abundance per sample) and size fractions variability. microorganisms are adapted for life there, this result in many of them are unique or rare [35] [39] [40] . Water bodies in different geographic regions often show considerable variability with regard to their diatom richness/composition patterns. These patterns would response to altitude and latitudinal variations (solar radiation, cloudiness, temperature, desiccation and seasonality) superimposed on local habitat controls (current velocity, water chemistry, and substrate types).
In many studies, cosmopolitan diatom taxa are described, suggesting easy dispersal mechanisms [37] . However, regional studies of geothermal diatoms have shown taxonomic variability between thermal/non-thermal waters at varied local to regional scales [6] . Our study clearly shown exclusive diatom taxa related to thermal waters, however, salinity and other local environmental condition appear to have a major influence in the structure of diatom assemblages. In contrast, cosmopolitan taxa are widespread, but only some occurs in specialized settings such as the hot springs.
Conclusion
Diatom floras in the El Tatio geothermal field vary in terms of beta diversity and abundance, and several taxa were found in all the systems studied. Nevertheless, the study areas could still be distinguished by 
